Abstract Besides extensive data about the effects of low-level laser therapy (LLLT) on different cell types, so far, these results were obtained from monolayer cell culture models, which have limitations in terms of cell morphology and phenotype expression. Therefore, for better in vitro evaluation of the effects of LLLT, this study was performed with a 3D cell culture model, where gingival fibroblasts were seeded in collagen matrix. Cells isolated from a healthy patient were seeded in wells of 24-well plates with culture medium (DMEM) supplemented with 10 % fetal bovine serum and collagen type I solution. After 5 days, a serum-free DMEM was added to the matrices with cells that were subjected or not to three consecutive irradiations of LLLT by means of the LaserTABLE diode device (780 nm, 25 mW) at 0.5, 1.5, and 3 J/cm 2 . Twenty-four hours after the last irradiation, cell viability and morphology as well as gene expression of growth factors were assessed. Histological evaluation of matrices demonstrated uniform distribution and morphology of gingival fibroblasts within the collagen matrix. LLLT at 3 J/cm 2 increased gingival fibroblast viability. Enhanced gene expression of hCOL-I and hEGF was observed for 0.5 J/cm 2 , while no significant changes were detected for the other irradiation densities tested. In conclusion, LLLT promoted biostimulation of gingival fibroblasts seeded in a 3D cell culture model, demonstrating that this model can be applied for phototherapy studies and that LLLT could penetrate the collagen matrix to increase cell functions related to tissue repair.
Introduction
Low-level laser therapy (LLLT) has been used for the treatment of several medical conditions, such as muscle skeletal disorders and pain [1, 2] as well as ulcerous conditions [3] . In dentistry, a number of studies have demonstrated that LLLT is suitable to treat different oral diseases, such as aphthous ulcers [4] , oral mucositis [5] , salivary pathological conditions [6] , and herpetic lesions [7, 8] . Clinical studies have also shown that specific laser therapies are capable of reducing inflammatory reaction and pain symptomatology, promoting faster tissue healing [5, 9] .
To elucidate the effects of LLLT at cellular and molecular levels and to establish parameters of irradiation for oral mucosa cells, several in vitro studies have been performed with cells isolated from oral mucosal tissues. Most of these investigations showed that this therapy increases cellular proliferation and migration, enhancing the expression and synthesis of growth factors and extracellular proteins as well as modulating gene expression of inflammatory mediators [10] [11] [12] [13] [14] [15] . However, these studies were designed for monolayer cell culture models, in which some cell functions can be inhibited or diminished [16, 17] . In fact, the use of the monolayer cell culture model may not fully reproduce the LLLT interaction with oral mucosal cells, considering the necessity of light penetration through different tissues during irradiation [18, 19] .
Previous investigations demonstrated that 3D cell culture models provide a better environment for cell morphology and phenotype analysis, allowing cells to migrate, establishing communication among them and with the extracellular matrix [9, 10] . It seems, then, that more credible data concerning cellular responses to different stimuli, such as LLLT, may be obtained from the 3D culture models [20] [21] [22] [23] . Consequently, the main objective of the present study was to evaluate the suitability of a specific 3D culture model for assessing the effects of LLLT on oral mucosal cells.
Materials and methods

Cell isolation
Primary gingival fibroblasts were obtained from gingival tissue of a healthy young patient undergoing tooth extraction, according to a protocol approved by the Ethics Committee of the Araraquara School of Dentistry (CAAE: 14342113.7.0000.5416), and after the patient's agreement.
The gingival fragment was placed in a sterilized 15-ml Falcon tube containing 5 ml of culture medium (Dulbecco's modified Eagle medium [DMEM], Gibco, Carlsbad, CA, USA) supplemented with antibiotic/antimycotic solutions (streptomycin and fungizone; Gibco) and transported to the Laboratory of Experimental Pathology and Biomaterials (LEPB). For cell isolation, the gingival fragment was cut into small parts that were placed in a sterilized petri dish containing 3 ml of DMEM and type I collagenase (3 mg/ml; Worthington Biochemical Corp., Lakewood, NJ, USA) and incubated at 37°C for 24 h. After this, culture medium containing cells and tissue debris was transferred to a tube and centrifuged (4000×g). The cellular pellet was suspended in fresh culture medium supplemented with 10 % of fetal bovine serum (FBS) and transferred to 75-cm 2 sterilized cell culture flasks. Culture medium was replaced every 48 h until 80 % confluence was reached. At this point, cells were subcultured with 5 ml of 0.25 % trypsin solution (Gibco).
3D cell culture model
For the 3D cell culture model, gingival fibroblasts were seeded in a collagen matrix as previously described [24] .
First, wells of 24-well plates were individually covered with an acellular matrix composed of DMEM containing 10 % FBS and type I collagen (BD Biosciences, Franklin Lakes, NJ, USA) at a final concentration of 0.77 mg/ml. The plates were then maintained in a laminar flow hood at room temperature for 30 min. After that, gingival fibroblasts were detached with 0.25 % trypsin (Gibco), and a cellular matrix of DMEM, type I collagen (0.77 mg/ml), and fibroblasts at 1 × 10 5 cells/ml was applied to the top of the acellular matrix, which was maintained in the laminar flow hood at room temperature for 1 h, followed by incubation for an additional 1 h. After this period, a supplemental volume of 1 ml of DMEM was added to each well. Culture medium was replaced every 24 h.
Low-level laser therapy (LLLT)
After 4-day incubation, a fresh serum-free culture medium was added to the samples, and the 3D cell cultures were irradiated by means of a laser diode device (LaserTABLE, 780 nm, 0.025 W) [13] [14] [15] 25] . Energy densities of 0.5, 1.5, and 3 J/cm 2 were used to irradiate cells for three consecutive times with 24-h intervals. All irradiation parameters are shown in Table 1 .
Twenty-four hours after the last irradiation, cells were subjected to evaluation of viability by alamarBlue assay and gene expression of epidermal growth factor (hEGF) and collagen type I (hCOL-I) by real-time PCR.
For this specific protocol, 3D cell cultures established as reported for the experimental groups, but not subjected to laser irradiation, were used as controls.
Histological evaluation
Histological analysis was performed for evaluation of the morphology and distribution of gingival fibroblasts cultured in the collagen matrix. For this purpose, 3D cell cultures subjected or not to laser irradiation were fixed in 10 % formaldehyde for 30 min; then, the matrices with cells were removed from the wells and transferred to plastic cassettes coated with filter paper, which were immersed again in fixative solution until analysis. Subsequently, all samples were processed with xylol, dehydrated, and then subjected to paraffin embedding. Serial sections (5 μm thick) obtained by means of a rotating microtome (RM2125RT, Leica Microsystems, Wetzlar, Germany) were stained with hematoxylin and eosin [26, 27] and analyzed under an optical microscope (Olympus BX51, Olympus America Inc., Center Valley, PA, USA). Repre- Device parameters presented according to Lins et al. (2013) [25] sentative microphotographs of experimental and control groups were obtained. For this protocol, nonirradiated 3D cell cultures were used as the control group.
Cell viability
Cell viability was assessed by alamarBlue assay (Invitrogen, Carlsbad, CA, USA) as previously described [28] . Briefly, culture medium was aspirated, and a solution of fresh serum-free culture medium containing 10 % of alamarBlue solution was added to cells and incubated for 4 h at 37°C and 5 % of CO 2 . Then, two aliquots of this solution were transferred to wells of 96-well plates, and cell viability was determined by the intensity of fluorescence (Synergy -H1, Biotek, Winooski, VT, USA; 530-nm excitation/590-nm emission).
Gene expression
Gene expression of hEGF and hCOL-I was assessed by realtime PCR. Total RNA was isolated by means of an RNAqueous micro-kit (Ambion, Grand Island, NY, USA). After LLLT, 3D cell culture was treated with lysis solution, and RNA was isolated by subsequent washing and filtration. For each sample, cDNA was synthesized by means of a High Capacity Reverse Transcriptase cDNA Kit (Applied Biosystems, Grand Island, NY, USA). Real-time PCR reactions were performed with Taqman Master Mix and Taqman Assays at Step One Plus. Reactions were analyzed by Step One Software and normalized by expression of endogenous control (β-actin).
Statistical analysis
Numerical data of cell viability were statistically analyzed by ANOVA and Tukey tests, while qPCR data were subjected to Kruskal-Wallis complemented by Mann-Whitney tests, at the 5 % level of significance.
Results
Microphotographs of 3D cell culture demonstrated that gingival fibroblasts exhibited uniform distribution and morphology within the collagen type I matrix, such as observed in the control group (Fig. 1a, b) . 3D cell cultures subjected to irradiation also demonstrated uniform cell distribution and morphology [ Fig. 2a , b (0.5 J/cm 2 )], similar to those observed in sections obtained from biopsies of human gingiva (Fig. 2c, d) .
It was determined that fibroblasts remained viable during the experiment and that the LLLT did not significantly influence their viability 24 h after the final irradiation (Fig. 3) .
The evaluation of the gene expression of hEGF and hCOL-I 24 h after the final irradiation demonstrated that these genes were significantly increased when cells were irradiated at 0.5 J/cm 2 . However, the other energy densities assessed in this study caused gene expression of hEGF and hCOL-I similar to that in the control group (Fig. 4a, b) .
Discussion
The standardization of a 3D cell culture model for phototherapy studies is critical for the elucidation of mechanisms involved in light interactions with tissues and cells. For this reason, a 3D cell culture model with gingival fibroblasts seeded in a collagen matrix, which was subjected or not to laser irradiations, was assessed in the present investigation.
It was previously reported that extracellular matrix of gingival connective tissue is composed mainly of collagen type I [29] . Therefore, it seemed interesting to use this protein to establish a 3D model for the in vitro assessment of specific phototherapies. In the present study, the nonirradiated 3D cell culture model exhibited homogeneous distribution of gingival fibroblasts within the collagen type I matrix. This cell distribution and morphology were similar to those observed in the LLLT experimental groups as well as in histological sections of biopsies of gingivae obtained from young patients (Figs. 1  and 2) . Therefore, the use of this protein in this in vitro study to produce a 3D scaffold for gingival fibroblasts can be considered as adequate to mimic the microenvironment commonly observed for in vivo situations.
In phototherapy studies with a monolayer cell culture model, the light is delivered directly to all the cells that are attached to a flat surface. However, during the clinical irradiation of damaged complex tissues, such as in oral mucositis, light has penetrated the tissue further to biostimulate the cells present in deep areas. Conversely, in this in vivo condition, the light may be absorbed by local proteins and other chromophores or even reflected by spread [11] ; these events can interfere with the biostimulatory effects caused by the phototherapy [11, 19] . In the present investigation, evaluation of 3D cell culture models 24 h after the final irradiation demonstrated that the LLLT at 3 J/cm 2 enhanced gingival fibroblast viability, which may indicate an increased proliferation of the irradiated cells within the collagen matrix. All other energy densities tested did not affect cell viability. Previous studies demonstrated that LLLT with low-power laser densities (0.5 and 1.5 J/cm 2 ) enhanced the metabolism of gingival fibroblasts and other cell types [12] [13] [14] . However, in these studies, the laser irradiations were delivered to cells cultured in a monolayer. Therefore, it appears that higher doses of laser irradiation, such as 3 J/cm 2 , are more effective for increasing the viability of fibroblasts present in deep areas of connective tissues. Thus, analysis of the data obtained in the present study indicates that the use of 3D cell culture models is adequate, and this protocol may be useful to simulate the penetration of laser light through wounded areas where connective tissue is directly exposed and cells are deeply distributed in different layers within extracellular matrix.
In the present study, evaluation of the gene expression of hEGF and hCOL-I at the time cut of 24 h after the final Fig. 3 Viability of gingival fibroblasts cultured in a 3D cell culture model and subjected or not (control, C) to laser irradiations. Columns indicated by the same letters do not show a statistically significant difference (ANOVA, p > 0.05) Fig. 4 Gene expression of COL-I (a) and EGF (b) by gingival fibroblasts seeded and maintained in a 3D cell culture model and subjected or not (control, C) to laser irradiations. Boxplots indicated by the same letters do not show statistically significant difference (Mann-Whitney, p > 0.05) irradiation was significantly increased by LLLT at 0.5 J/cm 2 , whereas for monolayer cell cultures, the expression of growth factors and collagen type I was not significantly affected by this therapy [13] . This lack of biostimulation may be caused by a possible inhibition of some phenotypic functions of cells cultured in the monolayer model [16, 30] . However, for 3D cell culture models, fibroblasts exhibit three-dimensional morphology, presenting intercellular interactions among them and also with extracellular matrix [23] . According to previous studies, this three-dimensional morphology and distribution allow cells to express surface proteins similar to those observed on in vivo tissue and show more realistic interactions with different drugs, materials, and other treatment modalities [31] [32] [33] .
The hEGF gene expression was not affected by cells subjected to LLLT at 1.5 and 3 J/cm 2 . This result may be related to the late gene expression assessment performed in this study. Since higher cell viability was observed for cells irradiated with 3 J/cm 2 , one may suggest that higher doses of low-level laser delivered to cells cultured in a 3D model cause earlier stimulation of hEGF gene expression, which was not detected 24 h after the final irradiation. Such a hypothesis was evaluated by Hawkins-Evans and Abrahamse (2008) [34] , who demonstrated that bFGF gene expression by fibroblasts was increased at 1 h after LLLT and was decreased after 24 h.
Growth factors play a fundamental role in oral mucosal healing, and the synthesis of these proteins is related to cell proliferation and migration [35, 36] . Increased EGF expression by gingival fibroblasts irradiated with a laser at 0.5 J/cm 2 indicates that a stimulatory effect may be obtained on epithelial cells by paracrine signaling. Besides stimulating keratinocyte proliferation, it is known that EGF also upregulates proliferation of gingival fibroblasts [37] . Therefore, the enhanced EGF expression observed in the 3D cell culture model irradiated with a laser at 0.5 J/cm 2 may result in the further stimulus of cell viability and proliferation.
Based on the fact that collagen is the main component of the gingival extracellular matrix [29] , it seems evident that intense synthesis of collagen type I takes place during oral mucosal wound healing. After an injury, the expression and synthesis of this protein are crucial for injury closure and tissue remodeling [30] . Therefore, the increased expression of COL-I observed in the present investigation indicates that specific parameters of LLLT could be considered as interesting alternatives to biostimulate the synthesis of extracellular matrix in damaged tissues, improving local healing.
According to the methodology used in this study and based on the scientific data obtained, one may conclude that LLLT can penetrate the collagen matrix and stimulate the gingival fibroblasts seeded within it. The 3D cell culture model assessed in this in vitro investigation seems to characterize a reliable and promising laboratory method for further phototherapy studies.
